Objective: This study sought to investigate the relationship of atherosclerosis between intracranial and extracranial carotid arteries using three-dimensional multicontrast magnetic resonance (MR) vessel wall imaging. Methods: Patients with recent cerebrovascular symptoms in anterior circulation were recruited and underwent MR vessel wall imaging for intracranial and extracranial carotid arteries. The plaque burden, including maximum wall thickness (Max WT) and stenosis, and presence of intraplaque hemorrhage (IPH) were assessed. The correlation of the plaque characteristics between intracranial and extracranial carotid arteries was determined. Results: In total, 107 patients (mean age: 57.0 AE 11.1 years, 69 males) were recruited. In discriminating intracranial severe stenosis (≥50% stenosis), the odds ratio (OR) of Max WT of extracranial carotid arteries was 1.41 (95% confidence interval [CI], 0.94-2.11, P = 0.095) and 1.72 (95% CI, 1.04-2.83, P = 0.034) before and after adjusting for confounding factors, respectively. The OR of stenosis of extracranial carotid arteries with increment of 10% was 1.26 (95% CI, 0.99-1.60, P = 0.054) and 1.37 (95% CI, 1.03-1.82, P = 0.033) before and after adjusting for confounding factors, in discriminating intracranial severe stenosis respectively. Receiver operating characteristic analysis revealed that the area under the curve (AUC) of Max WT, stenosis, and IPH of extracranial carotid artery plaques was 0.641, 0.605, and 0.603 in discriminating intracranial severe stenosis, respectively. After adjusting for confounding factors, the AUC of Max WT, stenosis, and presence of IPH in extracranial carotid artery plaques increased to 0.812, 0.817 and 0.781, respectively. Interpretation: Carotid artery plaque burden is significantly associated with severe intracranial artery stenosis, suggesting that extracranial carotid plaque burden might be an independent indicator for severity of intracranial artery atherosclerosis.
Introduction
It has been shown that intracranial atherosclerotic disease (ICAD) is one of the major causes of ischemic stroke in Chinese population. 1 Clinically, angiography is the major approach for diagnosis of ICAD. However, the angiographic techniques will underestimate plaque severity due to the lack of vessel wall information and arterial positive remodeling effect. 2, 3 Recently, magnetic resonance (MR) vessel wall imaging has been largely utilized to characterize ICAD. 4, 5 However, using vessel wall imaging to evaluate ICAD is challenging because of the limited spatial resolution and insufficient suppression of cerebral spinal fluid. This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
As a systemic disease, atherosclerosis commonly involves multiple vascular beds simultaneously and the co-existing atherosclerosis in the intracranial and extracranial carotid arteries has been found to be prevalent in stroke patients. 6, 7 Investigators have found that there was correlation of atherosclerotic stenosis between carotid artery and intracranial arteries. 8, 9 However, the major measurement for ICAD in previous studies is luminal stenosis which may not be the ideal indicator for disease severity due to the lack of vessel wall information.
Recently, three-dimensional (3D) multicontrast MR vessel wall imaging techniques have been proposed and utilized for comprehensively characterizing intracranial and extracranial carotid artery atherosclerosis simultaneously. 10, 11 We hypothesized that extracranial carotid artery atherosclerosis might be an indicator for assessing the ICAD. The purpose of this study was to investigate the relationship of atherosclerotic disease between intracranial and extracranial carotid arteries by using 3D multicontrast MR vessel wall imaging techniques.
Methods Patients
Patients who had cerebrovascular symptoms within 2 weeks in the anterior circulation were recruited in this study. All the patients were Asian. The exclusion criteria were as follows: (1) cardiogenic stroke; (2) hemorrhagic stroke; and (3) contraindications to MR imaging. All the subjects underwent MR vessel wall imaging for intracranial and extracranial carotid arteries. The clinical characteristics such as age, gender, body mass index, history of hypertension, diabetes mellitus, smoking, hyperlipidemia, stroke, transient ischemic attack, and coronary heart disease, the levels for cholesterols, and the blood pressure were collected from the clinical record. The study protocol was approved by the institutional review board prior to the initiation of this study and all patients provided written consent forms.
MR imaging
MR imaging was performed on a Philips 3.0T MR scanner (Achieva TX, Philips Healthcare, Best, the Netherlands) with a custom-designed 36-channel neurovascular coil. 10 Joint MR vessel wall imaging for intracranial and extracranial carotid arteries was performed for all the patients. The MR imaging parameters were as follows: 3D MERGE: fast field echo (FFE), repeat time (TR)/echo time (TE) 9. 
Image interpretation
All MR images were read by four reviewers with >5 years' experience in neurovascular imaging with consensus using MR workstation (Extended MR WorkSpace 2.6.3.4, Best, the Netherlands). Extracranial carotid artery MR images were analyzed by two reviewers blinded to intracranial artery MR images. Another two reviewers interpreted the intracranial artery MR images blinded to extracranial carotid artery MR images. Presence or absence of atherosclerotic plaque at each artery was determined. The atherosclerotic plaque is defined as the eccentric thickening of the vessel wall. The maximum wall thickness (Max WT) and stenosis of each plaque were measured. The degree of arterial luminal stenosis was measured by using the NAS-CET 12 and WASID 13 criteria for carotid artery and intracranial arteries, respectively. The presence of intraplaque hemorrhage (IPH) in each plaque was identified when hyperintense on SNAP images present (signal intensity ≥1.5 times of adjacent muscle or cerebral parenchyma).
Statistical analysis
The continuous variables were presented as mean value and standard deviation and the categorical variables were described as percentage. The plaque burden including Max WT and stenosis and prevalence of IPH in intracranial and extracranial carotid arteries were calculated. Univariate and multivariate logistic regressions were performed to determine the odds ratio (OR) and corresponding 95% confidence interval (CI) of extracranial plaque measurements in discriminating intracranial artery severe disease which is defined as atherosclerotic lesions with ≥50% stenosis or IPH. The probability of extracranial carotid artery plaque measurements in predicting intracranial artery severe disease before and after adjusted for confounding factors was calculated using C-statistical analysis. Receiver operating characteristic curve (ROC) was utilized to calculate the area under the curve (AUC) of extracranial carotid artery measurements in discriminating presence of severe intracranial artery atherosclerosis. A P < 0.05 was considered as statistically significant. All statistical analyses were performed using SPSS 16.0 (SPSS Inc., Chicago, IL).
Results
Of 111 recruited patients, four were excluded from statistical analysis because of poor image quality. Among the remaining 107 patients (mean age, 57.0 AE 11.1 years old) with acceptable image quality, 69 (64.5%) are males, 71 (66.4%) had hypertension, 34 (31.8%) had diabetes, 75 (70.1%) had hyperlipidemia, and 55 (51.4%) had history of smoking. Table 1 summarized the clinical characteristics of all patients and subgroups with extracranial carotid plaque only, intracranial artery plaque only, and co-existing intra-and extracranial plaque.
Prevalence and characteristics of atherosclerotic plaques
Of 107 patients, 29 (27.1%) had only extracranial carotid artery plaques, 8 (7.5%) had only intracranial artery plaques, 60 (56.1%) had plaques in both intracranial and extracranial carotid arteries, and 10 (9.3%) had neither intracranial nor extracranial carotid plaques. Figure 1 showed an example of co-existing intracranial and extracranial carotid artery plaques in one patient. The prevalence of IPH in intracranial and extracranial carotid artery plaques was 26.5% and 20.2%, respectively. Severe intracranial artery stenosis (stenosis ≥50%) was found in 14 (13.9%) patients. The quantitative measurements of plaque burden in intracranial and extracranial carotid arteries are detailed in Table 2 .
Correlation of atherosclerosis between intracranial and extracranial carotid arteries Table 3 presents the results on the relationship between plaque characteristics of extracranial carotid arteries and severe stenosis of intracranial arteries. In discriminating intracranial severe stenosis, the OR of Max WT of extracranial carotid arteries was 1.41 (95% CI, 0.94-2.11, P = 0.095) and 1.72 (95% CI, 1.04-2.83, P = 0.034) before and after adjusting for confounding factors, respectively. The OR of stenosis of extracranial carotid arteries with increment of 10% was 1.26 (95% CI, 0.99-1.60, P = 0.054) and 1.37 (95% CI, 1.03-1.82, P = 0.033) before and after adjusting for confounding factors in discriminating intracranial severe stenosis, respectively. No significant correlation can be found between extracranial carotid artery IPH and intracranial artery severe stenosis (P > 0.05). Similarly, there were no significant correlations between plaque characteristics of extracranial carotid arteries and intracranial artery IPH (all P > 0.05, Table 4 ).
ROC analysis revealed that, in discriminating intracranial severe stenosis, the AUC of Max WT, stenosis, and presence of IPH of extracranial carotid artery plaques were 0. 
Discussion
This study investigated the correlation between intracranial and extracranial artery atherosclerotic disease in symptomatic patients by using 3D multicontrast MR vessel wall imaging. We found that the Max WT and stenosis of extracranial arteries were independently associated with intracranial artery severe stenosis but not with IPH. Our findings indicate the carotid artery quantitative measurements might be effective indicators for severe stenotic disease in intracranial arteries. In this study, the prevalence of atherosclerotic plaques in extracranial carotid artery was higher than that in intracranial artery. It has been shown that distribution of atherosclerotic disease in intracranial and extracranial carotid arteries has ethnical differences.
14-17 A Chinese population-based study showed the prevalence of severe atherosclerotic disease (stenosis ≥50%) in intracranial artery was significantly higher than that in extracranial carotid artery (46.6% vs. 14.0%). 1 The prevalence of severe atherosclerotic disease (stenosis ≥50%) in American white population in intracranial artery and extracranial carotid artery was 24% and 33%, respectively. 17 However, these atherosclerotic diseases were determined by angiography approaches which may underestimate the disease severity due to the positive remodeling effect. A histological study reported that the common carotid artery was an elastic artery and the internal carotid artery becomes muscular at a varying distance (0.5-2 cm) from the bifurcation. 18 The more elastic component the vessel contains, the greater compensatory remodeling it has. 19 As such, the positive remodeling effect in carotid artery, particularly in the common carotid artery, may be greater than that in intracranial arteries. This may partially explain the lower prevalence of carotid plaques reported by studies using angiography methods. To minimize the underestimation of angiography, investigators used MR vessel wall imaging to evaluate intracranial arteries in American population and found 20 that the prevalence of intracranial artery plaques reaches 32.4% in White people with >60 years old.
In this study, the intracranial artery plaques were found to have similar prevalence of IPH compared with extracranial carotid artery plaques. Previous studies showed that the prevalence of IPH (21.6% vs. 84%) of vulnerable plaques was significantly lower in intracranial artery than that in extracranial carotid artery. [21] [22] [23] The incidence of intracranial IPH has only been occasionally reported in previous studies. This may be due to the inaccessibility of angiography-based imaging approaches which do not provide vessel wall information beyond luminal stenosis. The assessments of IPH by MR T1 imaging in intracranial arteries remained uncertain until a histology validation was performed recently. 24 The prevalence of IPH in extracranial carotid artery plaques in this study was lower than previous studies. 3, 25, 26 This may be due to our dominant recruitment of patients with mild stenosis (stenosis <50%). It has been proven that the prevalence of IPH will increase with severity of carotid artery stenosis. 3, 27 In our data, Max WT and stenosis of extracranial carotid plaque were associated with intracranial disease severity determined by stenosis. The association of plaque burden between intracranial and extracranial carotid arteries indicates that the burden of atherosclerosis in these two vascular beds may be parallel. Our results are in line with previous studies. The intima-media thickness measured by ultrasound was found to be significantly associated with presence or severity of ICAD. 28, 29 Investigators have found significant correlation of atherosclerotic stenosis between carotid artery and intracranial arteries (r = 0.616, P < 0.001). 8 This correlation may be explained by the hypothesis that intracranial and extracranial carotid arteries may share with the similar risk factors for progression of atherosclerosis, such as hypertension, hyperlipidemia, diabetes, etc. 30 We did not find significant correlation in IPH between intracranial and extractranial carotid arteries in this study. Previous studies have shown that the intensity of neovasculature within plaques 31, 32 and the blood pressure 33 were associated with carotid IPH. Beyond these risk factors, investigators demonstrated that local mechanical conditions may play important role in the occurrence of carotid IPH. 34, 35 In contrast, the normal vessel wall of intracranial arteries is lacking of vasa vasorum and the local hemodynamics are complex which may be different from the extracranial carotid arteries.
This study has several limitations. First, the spatial resolution of vessel wall imaging for both intracranial and extracranial arteries was 0.8 mm 3 which is limited for characterization of intracranial plaque components. Recently, the spatial resolution of emerging intracranial MR vessel wall imaging techniques at 3.0 Tesla reaches 0.5 mm 3 . 20, 36, 37 Second, gadolinium contrast agent was not applied to MR vessel wall imaging in this study. This limits the detection and quantification of the lipid-rich necrotic core (LRNC) both in intracranial and extracranial carotid artery plaques. Third, the proportion of subjects with severe cerebral artery stenosis is low in our study population. Future studies recruiting subjects with more broad range of disease severity are warranted.
In conclusion, extracranial carotid artery plaque burden measurements, particularly the Max WT and stenosis, are significantly associated with intracranial artery severe stenosis. Our findings suggest that extracranial carotid plaque burden might be an independent indicator for severity of intracranial artery atherosclerosis.
